The aim of this study was to investigate the prevalence of fibroblast growth factor receptor 1 (FGFR1) amplification by fluorescence in situ hybridization (FISH) in a lung cancer patient cohort and to correlate results with morphology, silver in situ hybridization (SISH), and patient outcome. FGFR1 FISH and SISH were performed in 406 and 385 lung cancer cases, respectively, and the results were compared. High-level FGFR1 amplification was defined as the ratio of FGFR1/centromere 8 Z2, or tumor cell percentage with Z15 signals Z10%, or average number of signals/tumor cell nucleus Z6. Low-level amplification was defined as tumor cell percentage with Z5 signals Z50%. Of 406 tumors tested, there were 191 squamous cell carcinomas, 28 carcinomas with focal squamous morphology, 24 large cell carcinomas with squamous immunoprofile, 115 adenocarcinomas, 17 neuroendocrine tumors, and 31 carcinomas without squamous morphology or immunoprofile. FGFR1 FISH was assessable in 368 tumors, with FGFR1 amplification identified in 50, including 48 tumors with either squamous morphology or immunoprofile (48 of 225, 21.3%), and two 'marker-null' tumors without squamous or glandular morphology or immunoprofile (2 of 143, 1.4%; Po0.0001). FGFR1 SISH was assessable in 347 tumors. All 46 FGFR1 FISH-amplified tumors with tumor available for testing showed amplification with SISH, while all other tumors were negative. There was no relationship between FGFR1 amplification status and disease-free (P ¼ 0.88, HR ¼ 1.04, 95% confidence interval (CI) ¼ 0.67-1.60) or overall survival (P ¼ 0.97, HR ¼ 1.01, 95% CI ¼ 0.65-1.58) in surgically radically treated patients with tumors with any squamous morphology or immunoprofile. FGFR1 amplification is a common abnormality in tumors with any squamous morphology or immunoprofile, but it is also present in 'marker-null' tumors. The results of FGFR1 SISH showed 1:1 correlation with the results of FGFR1 FISH, indicating that SISH may be an alternative method to detect FGFR1 amplification. No relationship was detected between patient outcome and FGFR1 amplification. Keywords: amplification; fibroblast growth factor receptor 1; squamous cell lung carcinoma
In Australia in 2009, lung cancer was the fifth most commonly diagnosed cancer, but it was the most common cause of cancer deaths for both men and women. 1 Approximately 85% of lung cancers are of non-small-cell carcinoma type, the subtypes of which are in reducing order of frequency: adenocarcinoma, squamous cell carcinoma, and large cell carcinoma, the latter being a morphologic diagnosis of exclusion. Major therapeutic advances have been made for patients with advanced lung adenocarcinoma owing to the discovery of molecular abnormalities for which there are effective targeted therapies. [2] [3] [4] [5] [6] [7] [8] Discovery of actionable molecular targets in lung squamous cell carcinoma has lagged behind those made in adenocarcinoma.
A recent study has, however, identified a relatively common potentially targetable molecular abnormality in squamous cell carcinoma. In 2010, Weiss et al 9 reported the presence of frequent and focal amplification of fibroblast growth factor receptor 1 (FGFR1) in 9.7% of lung squamous cell carcinoma cases by single-nucleotide polymorphism (SNP) arrays and in 22% of a separate cohort of lung squamous cell carcinoma cases by fluorescence in situ hybridization (FISH). In addition, testing of three separate cohorts of nonsquamous tumors identified FGFR1 amplification in 1 and 1.3% by SNP arrays and in 1% by FISH, respectively. Furthermore, Weiss et al demonstrated and validated the inhibition of growth and induction of apoptosis in separate FGFR1-amplified cell lines with the pan-FGFR inhibitor PD173074 or with short interfering RNA to FGFR1. They also demonstrated that FGFR1-amplified tumors showed significant tumor shrinkage with this small molecule in vivo. A later publication by Dutt et al 10 reported FGFR1 amplification by SNP arrays in 21% of lung squamous cell carcinoma and 3.4% of lung adenocarcinoma (Po0.001), mostly in non-small cell lung carcinoma cell lines. This group also validated FGFR1 as a potential druggable target by demonstrating sensitivity of an FGFR1-amplified non-small cell lung carcinoma cell line with the pan-FGFR inhibitor PD173074. 10 The FGFR1 gene, on chromosome 8, is one of the most frequently amplified genes in human cancer. 11 The FGFR tyrosine kinase family is composed of four kinases, FGFR 1, 2, 3, and 4, acting as cellsurface receptors for fibroblast growth factors, each of which is critical in the control of embryonic development, cell proliferation, differentiation, and migration. 12 This FGFR tyrosine kinase family also has an important role in tumor pathogenesis and can be dysregulated by amplification, point mutations, or translocation. 13, 14 FGFR1 amplification has recently been reported by members of our group in oral squamous cell carcinoma, 15 but it has also been described in esophageal squamous cell carcinoma, ovarian cancer, bladder cancer, prostate cancer, and rhabdomyosarcoma. [16] [17] [18] [19] [20] Subsequent to the landmark initial studies, 9 ,10 other groups [21] [22] [23] [24] [25] [26] [27] have investigated FGFR1 amplification in non-small cell lung carcinoma, using different definitions of FGFR1 amplification generally utilizing FISH, but there have been reports utilizing silver in situ hybridization (SISH) 23 and real-time polymerase chain reaction. 24 The frequency of FGFR1 amplification in squamous cell carcinoma and its potential as an actionable molecular target highlight the importance of not only defining amplification but also determining the most reliable and reproducible method to detect its presence, as well as assessing which tumor subtypes to test. These issues were addressed in 2012 by Schildhaus et al 26 who proposed a standardized reading and evaluation strategy and evaluation criteria for FGFR1 FISH based on a study of 420 lung cancer patients. High-level FGFR1 amplification was defined as the ratio of FGFR1/ centromere 8 (CEN8) Z2, or the tumor cell percentage with Z15 FGFR1 signals Z10%, and the average number of FGFR1 signals/tumor cell nucleus Z6, and low-level FGFR1 amplification as tumor cell percentage with Z5 FGFR1 signals Z50%. They reported FGFR1 amplification in 20% of squamous cell carcinomas (58 of 290), two of 13 'other' tumors, and 0 of 97 adenocarcinomas (FGFR1/CEN8 ratio, t-test, P ¼ 0.01).
The aim of this study was to evaluate the prevalence of FGFR1 amplification by FISH in an Australian cohort of 406 lung cancers from 386 patients, using the reading and evaluation strategy and definitions proposed by Schildhaus et al, and to correlate these results with detailed morphologic and immunohistochemical assessment, and pathologic and clinical parameters, including overall survival and the results of SISH.
Patients and methods

Patients
A review of a prospectively maintained surgical database was used to identify patients with primary lung cancer resected from 1996 to 2012 at two tertiary institutions in Melbourne: St Vincent's Hospital, Fitzroy, and Peter MacCallum Cancer Centre, East Melbourne. From this review, 388 tumors were identified and used to construct a tissue microarray. In addition, 18 tumors that underwent FGFR1 FISH testing on whole sections for clinical reasons, 11 of which were biopsies, were also included in the study. All 386 patients had a histopathologic diagnosis of primary lung cancer defined according to the 2004 World Health Organization (WHO) Classification of Lung Tumours. 28 All tumors were staged according to the 7th edition tumor, node, metastasis (TNM) classification. 29 Of the 406 tumors (from 386 patients), 368 tumors (from 352 patients) were able to be assessed by FISH. Clinical information was obtained from detailed prospective clinical databases. The definition of a never smoker was a person with lifetime equivalent consumption of fewer than 100 cigarettes. The definition of a radically treated patient was one who underwent an oncologic surgical procedure with removal of all macroscopic tumor, and intent to cure. Ethics approval was obtained from the Human Research and Ethics Committees at St Vincent's FGFR1 amplification in lung cancer Hospital and Peter MacCallum Cancer Centre, Melbourne.
Histologic Evaluation
The location, number, and size of tumors were obtained from the pathology reports. One pathologist, blinded to patient outcome, reviewed all hematoxylin and eosin (H&E)-stained slides. All cases were histologically classified according to the 2004 WHO Classification, 28 apart from all adenocarcinomas, which were classified according to the new International Association for the Study of Lung Cancer (IASLC)/American Thoracic Society (ATS)/ European Respiratory Society (ERS) international multidisciplinary lung adenocarcinoma classification. 30 All squamous cell carcinomas were further subtyped into the variants according to the 2004 WHO Classification. 28 In combined tumors with an admixture of different tumor subtypes, each subtype was estimated in 10% increments. Visceral pleural invasion was assessed in all cases, using guidelines of the 7th edition TNM classification. 29, 31 All cases were examined for vascular, lymphatic channel, and perineural invasion, and, if included, hilar and mediastinal lymph nodes were examined to assess nodal disease status.
Immunohistochemical Evaluation
In accordance with recent IASLC/ATS/ERS recommendations 30 regarding immunotyping of morphologically undifferentiated tumor in small biopsies and cytology specimens, which is further supported by recent work suggesting that resected large cell carcinomas harbor driver mutations in line with this immunotyping, 32 
Tissue Microarrays
Formalin-fixed paraffin-embedded tumor blocks were obtained for all 388 tumors. A pathologist identified and circled three areas containing the largest proportion of the predominant tumor subtype on a corresponding H&E-stained slide and, if present, one area each of any lesser tumor subtypes and an area of normal tissue, with each tumor represented by at least four cores. Representative 1-mm tumor cores were punched from these areas for creation of tissue microarray blocks, as previously described. 15 
FGFR1 FISH
FGFR1 FISH assays were performed on four-micron unstained sections cut from each formalin-fixed paraffin-embedded block from the tissue microarray or from whole sections with the FISH assay conditions with FGFR1/CEN8 probe mix (Abnova Corporation, Taipei City, Taiwan), as previously described. 15 A scientist experienced with FISH and a pathologist separately scored the FGFR1 FISH slides on a Leica DM60008 upright fluorescence microscope. For each slide, individual tumor cores or previously defined areas of tumor on whole sections were indentified at low ( Â 10) magnification using the DAPI filter. In line with the standardized reading and evaluation strategy proposed by Schildhaus et al, 26 tumors were only assessed if normal tissues including blood vessels, fibroblasts, or nontumor lung contained one or two distinct signals of each color. Tumors were scanned with an Â 100 oilimmersion objective for amplification hot spots, which were chosen for assessment. If hot spots were not identified, random areas were chosen. A minimum of 60 tumor cells, comprising 10-15 contiguous cells from at least six fields, were photographed and scored for the number of FGFR1 (red) and chromosome 8 (green) signals. The FGFR1/ CEN8 ratio, the number and percentage of cells with Z5 and Z15 FGFR1 signals, the average number of FGFR1 copy number/cell, and the number of CEN8 signals were calculated.
We used the terminology proposed by Schildhaus et al 26 of high-level FGFR1 amplification for cases with an FGFR1/CEN8 ratio Z2, or tumor cell percentage with Z15 FGFR1 signals Z10%, or average number of FGFR1 signals/tumor cell nucleus Z6, and low-level FGFR1 amplification as tumor cell percentage with Z5 FGFR1 signals Z50%. This latter category of low-level FGFR1 amplification has been termed gene copy number gain by others. 23 Owing to the absence of an internationally accepted definition of CEN8 polysomy, we arbitrarily defined it as Z4 CEN8 signals in Z40% of tumor cell nuclei.
FGFR1 SISH
FGFR1 SISH assays were performed on 4-micron unstained sections cut from each formalin-fixed paraffin-embedded block from the tissue microarray or whole sections. FGFR1 SISH was performed on an automated Ventana BenchMark XT platform (Ventana/Roche), with testing performed strictly according to the manufacturer's protocols and by using recommended accessory reagents. Tissue sections were deparaffinized, denatured, and pretreated with cell conditioner no. 2 (Ventana) in four cycles of 8 min at 90 1C and incubated for 20 min with ISH Protease 3 (Ventana). The FGFR1 dinitrophenyl (DNP) probe combined with chromosome 8 digoxigenin (DIG) probe was added, and slides were incubated for 8 min and then denatured and incubated for 20 min at 80 1C. Slides were hybridized for 6 h at 44 1C and washed stringently three times at 72 1C for 8 min. Silver detection was achieved by incubation with ultraView silver ISH DNP rabbit anti-DNP antibody (Ventana) for 20 min, then by incubation with silver ISH DNP HRP for 16 min, and finally by incubation for cycles of 4 min with silver ISH DNP chromogens A and B and for 16 min with chromogen C. Red detection was achieved by incubation with Red ISH DIG mouse antibody for 20 min, followed by incubation with RED ISH DIG AP for 24 min. Slides were then incubated with Red ISH DIG pH enhancer for 8 min, Red ISH DIG naphthol for 4 min, and Red ISH DIG fast red for 4 and then 8 min. Slides were counterstained with Hematoxylin II (Ventana), incubated for 8 min, then post-counterstained with Bluing Reagent (Ventana), and incubated for 4 min. After the washing steps, the slides were mounted with a nonoxidative mounting medium (Pertex, Medite GmbH, Burgdorf, Germany).
One pathologist blinded to the location of the FGFR1-amplified tumors in the tissue microarray scored the FGFR1 SISH. Tumors were scanned for hot spots. If hot spots were not identified, random areas for assessment were chosen. A minimum of 60 tumor cells comprising 10-15 contiguous cells from six fields were assessed for the number of FGFR1 (black) and chromosome 8 (red) signals. The FGFR1/ CEN8 ratio, the number of cells with Z5 and Z15 FGFR1 signals, and the average number of FGFR1 copy number/cell were calculated.
Statistical Evaluation
Comparisons of odds or proportions were made using the w 2 test. CIs were set at 95%. Analysis of variance was used to detect any correlation between FGFR1 amplification status and other variables. Survival was calculated from the date of pathological diagnosis until death, with cases lost to followup censored at date of last documented contact. Only patients who were surgically radically treated with curative intent were included in survival analyses, whereas those who underwent a biopsy or limited surgical resection for diagnosis without curative intent were not included. Differences in survival curves were determined by the log rank test. Statistical significance was set at Po0.05 for all analyses. Potential survival differences by covariates were calculated using the Cox regression. Survival plots were created using RStudio version 0.97.551.
Results
Patients and Tumors
The 352 evaluable patients comprised 63% (n ¼ 222) men, 20% current smokers, 63% former smokers, and 10% never smokers, with a median age of 69 years (range, 19-87 years) ( Table 1 ). There were 46% stage I, 28% stage II, 21% stage III, and 4% stage IV patients. Smoking status and stage were unknown in 7% and 1% of patients, respectively. The 352 patients had 368 tumors able to be assessed by FISH, 11 patients with two tumors tested, and 1 patient with three metachronous tumors tested. The majority of patients (97%; n ¼ 342) underwent surgical resection, 92% with concomitant hilar and mediastinal lymph node dissection (n ¼ 313) (Table 1) , whereas 11 patients had biopsies only, 10 from the lung primary and 1 from a left renal metastasis. The status of visceral pleural invasion, lymphatic channel, vascular space, and perineural invasion for the 357 resected tumors are shown in Table 2 .
The 368 tumors able to be assessed by FISH comprised 225 tumors (61%) with either a morphologic component or immunoprofile of squamous cell carcinoma, including 178 pure squamous cell carcinomas; 23 large cell carcinomas with squamous immunoprofile; 30,33 18 adenosquamous carcinomas; and 6 pleomorphic carcinomas, 5 with Z10% morphologic squamous component and 1 with Z10% of large cell carcinoma with squamous immunoprofile, all admixed with Z10% malignant spindle or giant cell carcinoma component ( Table 2 ). The 143 nonsquamous tumors (39%) comprised 99 adenocarcinomas; 18 large cell carcinomas comprising eight 'marker-null' large cell carcinomas, 30,32 7 with an immunoprofile of lung adenocarcinoma, 30,33 and 3 large cell neuroendocrine carcinomas; 12 pleomorphic carcinomas, all without squamous component or immunoprofile; 5 small cell carcinomas; 5 carcinoid tumors; and 4 combined tumors with various admixtures of adenocarcinoma, small cell carcinoma, and large cell neuroendocrine carcinoma ( Table 2) .
FGFR1 FISH Amplification
FGFR1 FISH was performed in 406 tumors, and was assessable in 368 (90.6%) with 50 tumors (13.6%), from 49 patients, positive for FGFR1 amplification (Table 2 and Supplementary Table 1 ). The 50 FGFR1-amplified tumors comprised 40 pure squamous cell carcinomas; 5 large cell carcinomas with squamous immunoprofile; 2 adenosquamous carcinomas; 1 pleomorphic carcinoma with 55% squamous cell carcinoma, 30% giant cell/spindle cell carcinoma, and 15% adenocarcinoma; one 'markernull' pleomorphic carcinoma comprising 80% giant cell carcinoma and 20% large cell carcinoma; and one 'marker-null' large cell carcinoma.
Of 225 assessable tumors with either squamous morphology or immunoprofile, there were 48 tumors (21.3%) with FGFR1 amplification (Table 2 ). In addition, of 143 assessable nonsquamous tumors, there were 2 tumors (1.4%) with FGFR1 amplification ( Table 2) . The relationship between FGFR1 amplification status and the presence or absence of squamous morphology or immunoprofile was statistically significant (Po0.0001). All other tumors tested by FGFR1 FISH were negative (Figure 1a) . Of 50 FGFR1-amplified tumors, the frequency of highlevel amplification was 82% (n ¼ 41), and low-level amplification was 18% (n ¼ 9) (Supplementary Table 1 ) (Figures 1b-d) . In most FGFR1-amplified cases, we observed focal rather than homogeneous FGFR1 amplification, with occasional colocalized clusters of increased FGFR1 and CEN8 signals seen, with most not qualifying for our definition of CEN8 polysomy.
Among 225 assessable tumors with either squamous morphology or immunoprofile, the average FGFR1 copy number/nucleus ranged from 1.1 to 12.3 (mean: 4.1). The mean FGFR1/CEN8 ratio was 1.4 (range: 0.5-6.1), and the mean percentages of tumor cells with Z5 and Z15 FGFR1 copies were 23% and 3.8%, respectively. Of 225 assessable tumors with either squamous morphology or immunoprofile, the frequency of high-level amplification was 17.3% (n ¼ 39) and low-level amplification was 4% (n ¼ 9).
Among the 50 FGFR1-amplified tumors, FGFR1/ CEN8 Z2 was the most frequent criterion of highlevel amplification seen in 40 of 41 tumors, followed by Z15 FGFR1 signals in Z10% tumor cell nuclei in 22 of 41 tumors, and Z6 FGFR1 signals/tumor cell nucleus in 20 of 41 tumors (Supplementary Table 1) . One high-level amplification tumor with an FGFR1/ CEN8 ratio o2 showed Z15 FGFR1 in 44% of tumor nuclei and CEN8 polysomy (Supplementary (7) 38 (14) a Results of multivariate analysis examining survival function of patients with tumors with any squamous morphology or immunoprofile. b These results refer to the relationships between sex and FGFR1 amplification, and smoking and FGFR1 amplification, respectively, and were only significant when examined in all non-small cell lung carcinoma patients; significance was lost when only patients with tumors with any squamous morphology or immunoprofile were examined. Table 1 ). There were four other FGFR1-amplified tumors with CEN8 polysomy, all with Z5 FGFR1 signals in Z50% tumor nuclei but FGFR1/CEN8 ratio o2, thus qualifying for low-level amplification only. Otherwise, CEN8 polysomy was rarely seen in nonamplified tumors. Of interest, the patient with three metachronous tumors had two FGFR1-amplified tumors that were both basaloid variant squamous cell carcinomas, whereas the third tumor was a poorly differentiated squamous cell carcinoma without basaloid morphology that was FISH negative. Another patient with an FGFR1-amplified moderately differentiated squamous cell carcinoma had an adenosquamous carcinoma 4 years previously that was FISH negative.
FGFR1 SISH Amplification
FGFR1 SISH was performed in 385 tumors, with 90.1% of tumors (n ¼ 347) assessable. FGFR1 amplification as detected by SISH was present in 46 of 50 FGFR1 FISH-amplified tumors that were tested ( Figure 2) . Four of 50 FGFR1-amplified tumors were unable to be tested for FGFR1 SISH, as we did not have sufficient tumor tissue for testing. All other tumors tested, which were negative for FGFR1 amplification by FISH, were negative for FGFR1 amplification by SISH.
Correlation of FGFR1 Amplification and Clinicopathologic Parameters
Postoperative 30-day mortality was 3.0% (10 of 332) and median follow-up was 30.2 months (range, 1-139 months). Overall survival for surgically radically treated patients with FGFR1-amplified tumors was similar to those treated radically surgically with FGFR1-negative tumors, when comparing patients with pure squamous cell carcinoma only (n ¼ 172; log rank P ¼ 0.50, HR ¼ 1.17, 95% CI ¼ 0.73-1.89); when comparing patients whose tumors had either any squamous morphology or immunoprofile (n ¼ 213; log rank P ¼ 0.97, HR ¼ 1.01, 95% CI ¼ 0.65-1.58) ( Figure 3) ; when comparing all Large cell carcinoma Squamous profile TP63 þ , n (%) 23 (6.5) 5 (10) 18 (5.5) Adeno profile TTF1 þ , n (%) 7 (2) 0 7 (2.5) Not otherwise specified (TTF1/TP63 negative), n (%) 8 (2.5) 1 (2) 7 (2.5) Large cell neuroendocrine carcinoma, n (%) 3 (0.5) 0 3 (1)
Adenosquamous carcinoma, n (%) 18 (5) 2 (4) 16 (5) Pleomorphic carcinoma With squamous cell carcinoma, n (%) 6 (2) 1 (2) 5 (1.5) Without squamous cell carcinoma, n (%)
12 (3) 1 (2) Figure 4 ). The following variables were analyzed for the survival function of patients with tumors with either squamous morphology or immunoprofile: FGFR1 amplification, smoking history, age, sex, tumor size, node status, and stage (7th revision TNM). Significant variables included age (P ¼ 0.029), tumor size (P ¼ 0.021), stage (Po0.0001), and node status (Po0.0001). When these variables were entered into multivariate analysis, only age (P ¼ 0.039) and node status (P ¼ 0.049) remained significant. There was a statistically significant relationship between sex and FGFR1 amplification status (P ¼ 0.025) among all patients with non-small cell lung carcinoma, such that more men had FGFR1-amplified tumors than women (Table 1) , although significance was lost if only patients with tumors with either squamous morphology or immunoprofile were examined (P ¼ 0.20). There was a statistically significant relationship between smoking and FGFR1 amplification status (P ¼ 0.040) among all patients with non-small cell lung carcinoma who ever smoked, but not between current smokers (P ¼ 0.106), although significance was lost if only patients with tumors with either squamous morphology or immunoprofile were examined (P ¼ 0.137). No significant relationship was detected between FGFR1 amplification status and visceral pleural invasion status (P ¼ 0.48), lymphatic channel invasion status (P ¼ 0.65), vascular space invasion status (P ¼ 0.26), or perineural invasion status (P ¼ 0.47).
Discussion
In this study, we confirm that FGFR1 amplification as detected by FISH is a frequent abnormality in squamous cell carcinoma and tumors with focal squamous morphology or immunoprofile in a large cohort of Australian lung cancer patients (48 of 225; 21.3%). FGFR1 amplification was also identified in 2 of 143 nonsquamous cases (1.4%), both 'markernull' tumors without squamous or glandular morphology or immunoprofile. This difference was FGFR1 amplification in lung cancer statistically significant (Po0.0001). Furthermore, when we compared overall and disease-free survival between surgically radically treated patients with pure squamous cell carcinoma, those with tumors with either focal squamous morphology or immunoprofile, those with non-small cell lung carcinoma, and those with any lung malignancy, with and without FGFR1 amplification, we found no statistical difference. We also found no significant difference in overall survival in surgically radically treated patients stratified by stage and FGFR1 amplification status. In addition, we validated SISH as a method to detect FGFR1 amplification, demonstrating a 1:1 correlation with FISH. Our results are consistent with the two initial studies reporting FGFR1 amplification preferentially in squamous cell carcinoma with few amplified adenocarcinomas detected (22% squamous cell carcinoma and 1% nonsquamous tumors by FISH from Weiss et al; 9 21% squamous cell carcinoma and 3.4% adenocarcinoma (Po0.001) by SNP arrays from Dutt et al 10 ). The identification of this potentially actionable molecular target in a significant proportion of non-small cell lung carcinomas highlights the importance of defining FGFR1 amplification and the detection method used. A validated definition of FGFR1 amplification is an important step in the design of recently commenced phase I clinical trials evaluating FGFR1 inhibitors. As with other laboratory tests, the method used to identify FGFR1 amplification must provide a result within a clinically meaningful time frame, be affordable, robust, and valid in small biopsy samples.
Because we performed detailed morphologic classification on all and immunotyping on most tumors in our data set, we found that not only does FGFR1 amplification occur most commonly in squamous cell carcinoma but it also occurs in tumors with focal squamous morphology or immunoprofile. Schildhaus et al 26 reported one FGFR1-amplified adenosquamous carcinoma in their cohort but unfortunately no other group provided immunotyping details of large cell carcinomas tested, apart from one study that reported TTF1 results (but not TP63) in nearly all large cell carcinomas. 23 All but one FGFR1-amplified large cell carcinoma in our cohort were TP63-positive and TTF1-negative, whereas no TTF1-positive large cell carcinomas tested were amplified. In addition, we detected FGFR1 amplification in two 'marker-null' tumors, a large cell carcinoma, and a pleomorphic carcinoma, both lacking squamous or glandular morphology or immunoprofile. These findings have great importance for the molecular taxonomy of large cell carcinoma in resected specimens, as they confirm that large cell carcinomas with squamous immunoprofile have a genomic aberration in common with squamous cell carcinoma, and suggest that such tumors should be considered for classification with squamous cell carcinoma in future lung tumor classifications. In addition, 'marker-null' tumors including large cell carcinomas and pleomorphic carcinomas can be FGFR1-amplified too, suggesting common squamous origins. Our findings also support the significance of recent work that has emphasized the relevance of immunotyping resected large cell carcinoma by demonstrating that the driver mutation profiles present were in line with the immunotyping results. 32 Furthermore, we propose that not only should all tumors with squamous morphology and/ or immunoprofile be tested for FGFR1 amplification but so should all 'marker-null' large cell carcinomas and pleomorphic carcinomas.
FISH has been the most frequently used method to detect FGFR1 amplification status, 9, 10, 21, 22, [25] [26] [27] although alternative methods such as real-time polymerase chain reaction 24 and SISH 23 have also been used. SISH has several advantages over FISH including automation, use of bright-field microscopes in contrast to expensive FISH microscopes, signal permanence, and easier histologic comparison. If our finding of 1:1 correlation of FGFR1 amplification status between FISH and SISH is subsequently validated, it indicates that SISH could be used to determine FGFR1 amplification in the future, either as a screening tool to select cases for FISH testing or as a stand-alone detection method in centers where the more expensive FISH technique is not available.
The definition of FGFR1 amplification varies in different studies, some using the same method of detection. Many studies 9,22,27 using FISH to detect FGFR1 amplification used the following definitions: 49 signals/cell for high-level amplification, 42 but o9 signals/cell for low-level amplification, both of which were amended by one group such that those copy numbers must be in excess of the CEN8 signals in Z20% of nuclei, 27 and o2 signals/cell as not Figure 4 Kaplan-Meier curve demonstrating no significant difference in overall survival for node-negative surgically radically treated patients who had no adjuvant therapies stratified according to FGFR1 amplification status (Cox proportional hazards model, P ¼ NS).
amplified. Another study using FISH introduced a definition of FGFR1 gene to copy number ratio of Z2.2, 21 whereas another used a definition of Z4 signals/cell for FGFR1 'FISH positivity', reporting no examples of higher level amplification, which was defined as Z9 signals/cell. 25 We chose to investigate the standardized reading and evaluation strategy and evaluation criteria for FGFR1 FISH proposed by Schildhaus et al, 26 as we have performed FGFR1 FISH for clinical reasons in our department for some months and had noticed some of the FGFR1 amplification patterns detailed in their report. Moreover, as Schildhaus et al point out in their study, the initial validated data suggested that cancer cell lines with focal high-level amplification respond better to FGFR1 inhibitors 9,10 than those with low-level amplification, and thus it may be that detailed definitions of high-level amplification, as proposed by Schildhaus et al 26 and validated here by us, are more relevant than low-level amplification, which is examined in more detail by other groups. 23, 25 Ultimately the definition of FGFR1 amplification will need to be determined according to treatment response, and further studies validating the proposals by Schildhaus et al are needed.
No significant relationships between FGFR1 amplification status and overall and disease-free survival were detected among surgically radically treated patients in our cohort when clustered into four different groups, including those with pure squamous cell carcinomas only, those with tumors with any squamous morphology or immunoprofile, those with non-small cell lung carcinomas, and those with any lung malignancy. We divided our patient cohort into these groups as other studies investigating FGFR1 amplification in non-small cell lung carcinomas include patients with squamous cell carcinoma only 21, 22, 27 and patients with squamous cell carcinoma, adenocarcinoma, and large cell carcinoma. [23] [24] [25] [26] In addition, we found no significant difference in overall survival in surgically radically treated patients stratified by stage and FGFR1 amplification status. Considering statistically significant results only, most studies 9, 21, [24] [25] [26] reported a lack of a significant relationship between survival and FGFR1 amplification status, in line with our findings. However, two studies did detect an effect of FGFR1 amplification on survival with Kim et al 22 reporting significantly greater risk of recurrence and death for patients with FGFR1-amplified squamous cell carcinoma, whereas Tran et al 23 reported a nonsignificant direction of effect toward longer overall survival for patients with FGFR1-amplified tumors in univariate analysis (P ¼ 0.14), which became significant on multivariate analysis (HR 0.6, P ¼ 0.02). The difficulty with interpreting the latter two results is that each study used different definitions for FGFR1 amplification and different detection methods. More studies using the definitions proposed by Schildhaus et al are needed to resolve the question of a significant relationship between survival and FGFR1 amplification status.
In conclusion, FGFR1 amplification as detected by FISH is a frequent targetable abnormality in squamous cell carcinomas and in tumors with any squamous morphology or immunoprofile, but may also occur in 'marker-null' large cell carcinomas and pleomorphic carcinomas. No survival differences according to FGFR1 amplification status were apparent in our cohort of surgically radically treated patients. We have validated SISH as a method to detect FGFR1 amplification, demonstrating a 1:1 correlation with FISH, indicating that SISH may be an alternative method to detect FGFR1 amplification.
